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Extreme gas kinematics in the z=2.2 powerful radio galaxy
MRC1138-262: Evidence for efficient AGN feedback in the early
Universe?1
N. P. H. Nesvadba,2 M. D. Lehnert,2 F. Eisenhauer,2 A. Gilbert,2,3 M. Tecza,4 &
R. Abuter2,5
ABSTRACT
To explain the properties of the most massive low-redshift galaxies and the
shape of their mass function, recent models of galaxy evolution include strong
AGN feedback to complement starburst-driven feedback in massive galaxies. Us-
ing the near-infrared integral-field spectrograph SPIFFI on the VLT, we searched
for direct evidence for such a feedback in the optical emission line gas around the
z=2.16 powerful radio galaxy MRC1138-262, likely a massive galaxy in formation.
The kpc-scale kinematics, with FWHMs and relative velocities . 2400 km s−1
and nearly spherical spatial distribution, do not resemble large-scale gravitational
motion or starburst-driven winds. Order-of-magnitude timescale and energy ar-
guments favor the AGN as the only plausible candidate to accelerate the gas, with
a total energy injection of ∼ few × 1060 ergs or more, necessary to power the
outflow, and relatively efficient coupling between radio jet and ISM. Observed
outflow properties are in gross agreement with the models, and suggest that
AGN winds might have a similar, or perhaps larger, cosmological significance
than starburst-driven winds, if MRC1138-262 is indeed archetypal. Moreover,
the outflow has the potential to remove significant gas fractions (. 50%) from a
> L∗ galaxy within a few 10 to 100 Myrs, fast enough to preserve the observed
1Based on observations collected at the European Southern Observatory, Very Large Telescope Array,
Cerro Paranal; program numbers, 70.B-0545, 70.A-0229, & 076.A-0684
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[α/Fe] overabundance in massive galaxies at low redshift. Using simple argu-
ments, it appears that feedback like that observed in MRC1138-262 may have
sufficient energy to inhibit material from infalling into the dark matter halo and
thus regulate galaxy growth as required in some recent models of hierarchical
structure formation.
Subject headings: cosmology: observations — galaxies: evolution — galaxies:
kinematics and dynamics — infrared: galaxies
1. Introduction
Models of structure formation and galaxy evolution have reached a state where the
impact of large-scale baryonic feedback on galaxy evolution can no longer be neglected.
However, the physics of such processes are complex, and as yet not very well understood,
especially at high redshift, where the most massive galaxies formed most of their stars.
Therefore, simulations of the ensemble of galaxies typically incorporate these processes,
which originate on scales beyond the resolution of typical large scale simulations, as simple
relationships and parameterizations, which are in turn tuned to approximately match ob-
served galaxy properties. In spite of these limitations, baryonic feedback plays a crucial role
for our understanding of galaxy evolution, perhaps most dramatically at high redshift (e.g.,
Croton et al. 2006)
The impact of feedback related to intense star-formation is now observationally well-
established at low and high redshift (e.g., Heckman 2003; Lehnert & Heckman 1996a), and
simulations improved considerably when including it. But significant and likely fundamental
discrepancies remain, e.g., when comparing the observed mass function of galaxies with the
predictedmass function of dark matter halos at the upper end of the mass function (Benson et
al. 2003). From low-redshift studies, starburst-driven “superwinds” are known to be efficient
in driving out gas only from the comparably shallow gravitational potentials of low mass
galaxies (e.g., Martin 1999; Lehnert, Heckman, & Weaver 1999; Heckman et al. 2000).
However, these winds are mainly energy driven, therefore susceptible to radiative losses, and
they probably lack the power, efficiency, and velocities necessary to remove significant gas
fractions from the deep potential wells of the most massive galaxies and their dark-matter
halos. As a consequence, they cannot explain the overabundance particularly of massive
dark-matter halos compared to the co-moving galaxy density.
Therefore another powerful feedback mechanism is recently gaining in popularity among
researchers modeling and simulating the ensemble properties of galaxies, which are vigorous
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outflows driven by powerful active galactic nuclei at high redshift (AGN; e.g., Silk & Rees
1998; Springel et al. 2005). Energy- and momentum-driven AGN winds may reach very
high energy output through radiation pressure and particle ejection. The most powerful
AGN may eject enough energy and momentum to unbind significant fractions of the total
interstellar medium (ISM) of the host galaxy. As they slow and expand, such winds are able
to efficiently heat gas in the inter-cluster medium (ICM) and even the intergalactic medium
(IGM; e.g., Nath & Roychowdhury 2002). However, due to the clumpy nature of the ISM in
galaxies, rather small working surface of the jet, and AGN producing “light jets”, they are
not generally thought to couple strongly with the ambient ISM in their hosts (Begelman &
Cioffi 1989).
The observed characteristics of massive galaxies support the hypothesis that strong
AGN winds at high redshift may have a significant impact on galaxy evolution and their
ensemble characteristics. Spheroidal and black hole masses in nearby massive systems follow
the tight MBH -σ relation (Ferrarese 2002; Tremaine et al. 2002), which perhaps signals
co-eval growth of SMBH and the bulge self-regulated through negative AGN feedback (Silk
& Rees 1998). The most massive galaxies, virtually all spheroidals, are “old, red, and
dead”. They are metal-rich and have luminosity weighted ages consistent with massive star-
formation at high-redshift and subsequent passive evolution, perhaps indicating that the gas
was effectively removed during the most massive burst (e.g., Thomas, Greggio, & Bender
1999; Thomas et al. 2005; Romano et al. 2002). Maybe the tightest constraint comes from the
metal abundance ratios, especially [α/Fe], which indicate intense star-formation truncated
by strong feedback within less than few ×108 yrs (e.g., Thomas, Greggio, & Bender 1999).
In addition, the exponential cut-off in the bright end of the galaxy luminosity function may
be a direct result of the efficiency of AGN feedback (Croton et al. 2006). Furthermore, Best
et al. (2005) find evidence that more moderate feedback of radio-loud AGN might balance
gas cooling in the halos of the most massive galaxies at low redshift.
A promising way to identify the fingerprints of a highly efficient mode of AGN feedback
at high redshift is by observing the gas kinematics in rapidly growing, massive galaxies at high
redshift which host AGN. Powerful high-z Radio Galaxies (HzRGs) fit these requirements:
They reside in dense environments (Venemans et al. 2002; Kurk et al. 2004; Best et al. 2003;
Stevens et al. 2003). Their magnitudes, colors, and continuum morphologies are consistent
with large stellar masses and passive evolution at z . 2 − 3 (van Breugel et al. 1998; Best,
Longair, & Ro¨ttgering 1998). HzRGs at z > 2−3 also contain large masses of molecular gas
(1011 M⊙; e.g., Ro¨ttgering et al. 1997), dust (10
8−9 M⊙; e.g., Archibald et al. 2001; Reuland
et al. 2004), and UV/optical line-emitting gas (108−9 M⊙; e.g., van Oijk et al. 1997). At
the highest redshifts, they are also likely to be forming stars at prodigious rates (100− 1000
M⊙ yr
−1; e.g., Dey et al. 1997). Curiously, HzRGs are known from longslit-spectroscopy to
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often have spatially extended broad emission lines with FWHM> 1000 km s−1, indicative
of extreme kinematics (e.g., McCarthy et al. 1996; Tadhunter 1991; Villar-Mart´ın et al.
1999). However, with the slits typically aligned along the radio axis, the global role of
these kinematics could not be examined more closely, highlighting the need for integral-field
observations of HzRGs, preferably at rest-frame optical wavelengths (i.e., in the observed
near-infrared) to investigate the overall gas dynamics.
An excellent candidate for such a study is the z = 2.16 MRC1138-262, with H = 18.04
and stellar mass M ∼ 5 × 1011 M⊙. VLA interferometry reveals 2 radio jets with complex
morphologies (Carilli et al. 2002). Its nebulosity extends over ∼ 20 − 25 kpc radius1, and
has a significant surrounding over-density of Hα emitters which indicates it might be in the
center of a forming galaxy cluster (Kurk et al. 2004). Rest-frame UV spectroscopy implies
star-formation rates of 40−70 M⊙ yr
−1. By examining the spatially-resolved kinematics and
spectral properties of the rest-frame optical emission line gas in MRC1138-262, we wish to
investigate the influence of the AGN on the excitation and kinematics of the emission line
gas using data obtained with the near-infrared integral-field spectrograph SPIFFI.
2. Observations and Data Reduction
We observed MRC1138-262 in the near-infrared H and K bands using the integral-field
spectrograph SPIFFI on UT1 of the VLT in April 2003. SPIFFI uses an image slicer to
dissect the 8′′×8′′ field of view on the sky into 32 slices or “slitlets” with individual pixel
sizes in projection of 0.25′′. The spectrograph and image slicer have since become a facility
instrument at UT4 as part of SINFONI. Under good and stable weather conditions, we
obtained a total of 140 min of data in K and 75 min in H with a pixel scale of 0.25′′ and
seeing of ∼ 0.4′′×0.6′′. Individual exposure times were 300s in H and 600s in K, respectively.
Spectral resolution is R= λ
∆λ
≈ 2000 at 1.6 µm and R= λ
∆λ
≈ 2400 at 2.2 µm. One “off”
frame at a sky position well displaced from the target was taken for each “on” frame in an
off-on-on-off pattern.
To reduce the data, we used the IRAF (Tody 1993) standard tools for the reduction
of longslit-spectra, modified to meet the special requirements of integral-field spectroscopy.
Data are dark frame subtracted and flat-fielded. For bad pixel correction we use the full
three-dimensional information, identifying pixels that are 5σ deviant in the darks and flats.
1Using a flat H0 = 70km s
−1, ΩM = 0.3, ΩΛ = 0.7 cosmololgy, size scales at z = 2.16 are 8.3 kpc arcsec
−1,
the luminosity distance is 17070 Mpc, the angular size distance is 1710 Mpc. Cosmic age at that redshift is
3.0 Gyrs.
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Rectification and wavelength calibration are done before night sky subtraction, to account
for some spectral flexure between the frames. Curvature is measured and removed using an
arc lamp, before shifting the spectra to an absolute (vacuum) wavelength scale with reference
to the OH lines in the data.
The three-dimensional data cubes are then reconstructed, assuming that each slitlet
covers exactly 32 pixels. They are spatially aligned by cross-correlating the collapsed cubes,
and then combined, clipping deviant pixels. Telluric correcton is applied to the combined
cube. Flux scales are obtained from standard star observations. From the light profile of the
standard star, we measure the FWHM spatial resolution to be 0.6′′× 0.4′′ in right ascension
and declination, respectively.
3. Integrated Spectra and Broad Line Emission
In Fig. 1 we show H and K-band spectra of MRC1138-262. The upper panel shows the
spectrum of the spatial pixel covering the AGN, the lower panel shows the AGN removed
extended emission integrated over the central 30 kpc. Line profiles are not simple Gaussians,
but have irregular profiles indicating complex kinematics in the extended emission line gas.
The lines are generally broad, and [NII]λ6583 and Hα are blended, so that Hα is not a
reliable kinematic tracer. Therefore we use [OIII]λ5007 (with FWHM= 3990 km s−1 in the
integrated spectrum) to trace the gas kinematics. We discuss below that the emission line
kinematics does not vary strongly with the specific emission line analyzed (§ 4.2), within
the accuracy we can reach given the line blending. Thus we do not expect and there is no
evidence that this choice has a strong impact on our overall conclusions.
The luminous broad Hα emission line is the most prominent spectral feature in the AGN
spectra, with FWHM= 14900 km s−1, and a rest-frame equivalent width, EQW∼ 325A˚, in-
dicating that the emission from the broad line region cannot be neglected (especially in the
broad band near infrared magnitudes). Previous rest-frame UV spectroscopy of MRC1138-
262 did not reveal nuclear broad lines, indicating that MRC1138-262 might harbor an ob-
scured quasar, similar to MRC2025-218 (Larkin et al. 2000). Broad Hβ emission in the H
band is measured at much fainter flux: From the Balmer decrement in the broad compo-
nents, AV = 8.7, using a galactic extinction law and Hα/Hβ = 2.9. The galactic extinction
law might not be strictly adequate for broad AGN emission lines, nonetheless, the large
extinction underlines the interpretation that MRC1138-262 harbors an obscured quasar.
To correct the K-band data for the AGN contribution, we fit and remove the nuclear
spectrum from all other spatial pixels. This may lead to a slight oversubtraction of extended
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line emission along the line of sight of the AGN. In our later analysis, we aim at setting
lower limits to the emission line kinematics and fluxes, therefore this procedure is nonetheless
appropriate. In the K-band, we can use the luminous broad Hα emission line as an indicator
for how well our algorithm removes the AGN light. AGN removed spectra are shown in the
lower panel of Fig. 1 to illustrate the success of the method.
4. Kinematics and Physical Conditions within the Nebulosity
To investigate the spatially resolved kinematics, we extracted spectra from 3×3 pixel
box apertures (0.75′′ × 0.75′′; slightly larger than the estimated seeing in both reduced data
cubes). Using the IRAF task SPLOT, we fitted [OIII]λ5007 line emission with up to 3
kinematic components, requiring S/N > 3 in each component. Systematic errors of these
measurements are possibly large, and the AGN removal in the H band might be not very
precise. We thus use these spectra only to identify zones of rather uniform kinematics, and
extract integrated spectra of these zones to further investigate their properties.
4.1. Gas Velocities and Emission Line Widths
Relative velocities of all [OIII]λ5007 components are shown in Fig. 2 as a function of
projected radius. They appear to be segregated by velocity into roughly 4 groups with sizes of
Ri = 1−2
′′ (8−16 kpc) over the total radius of Rtot ∼ 2.5−3
′′ (20-25 kpc). Overlap between
these groups in velocity is small. In Fig. 3 we show the map of relative velocities of the
brightest [OIII]λ5007 line component in each spatial pixel. At least three distinct kinematic
zones, each separated in velocity space by ∼ 1000 km s−1, but with rather uniform velocities
internally, are evident. Velocities in zone 1 decline with increasing projected distance from
the nucleus, gradually approaching the values in zone 2 at the eastern bound. This is in
agreement with Fig. 2, which also suggests that the velocities in zone 1 at its low-velocity
end approach the velocities in zone 2. Zone 3 has largely uniform intrinsic velocities, whereas
velocities in zone 2 vary gradually with position angle, reaching a maximum at a position
angle ∼ 230◦. The relatively uniform velocities within each structure, (Fig. 3), mirroring the
regularity found in Fig. 2, are highly reminiscent of what would be expected for overlapping,
edge-brightened “bubbles” (such a scenario is also favored by the low filling factor of the
emission line gas, §5.2 and §7).
However, we are using the term “bubble” somewhat loosely, referring mainly to the
clearly distinct zones in velocity space. Their morphologies are nearly circular as if projected
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on the sky, and are consistent with expanding spheres or projected conical outflows. They
might be analogues of buoyantly rising, low-density regions in low-redshift radio galaxies,
but our analysis does not rely on this interpretation. By using this term, we simply relate
to the geometry and velocity structure of the gas, not necessarily the full astrophysical
interpretation.
This interpretation is also supported by the spatial distribution of line widths. In
Fig. 4 we show a map of the FWHM of the brightest [OIII]λ5007 component in each pixel.
Line widths vary between FWHM= 800 − 2400 km s−1. Most striking is a ring of broad
line emission (FWHM≥ 1400 km s−1) around zones 1 and 3, shown as hatched area in
the velocity map of Fig. 3. This ring supports the above interpretation that the emission
line regions with well separated velocities are geometrically and physical distinct entities,
which originate from apparent broadening due to overlap between adjacent bubbles or from
turbulence due to interactions along their boundaries.
4.2. Spectral Properties
Integrated H and K band spectra of the 3 definable bubbles are shown in Fig. 5. Emission
lines are bright in all bubbles. Line profiles are complex, and Hα and [NII]λ6583 are blended
in all zones. To obtain a consistent fit for all lines in a given zone, we identify kinematic
subcomponents from the [OIII]λ5007 profile, and restrict all other line fits to have the same
relative velocities and widths. We leave the flux as a free parameter, except for the ratios
of the [NII]λλ6548,6583 and [OIII]λλ4959,5007 emission line doublets, where we fix the line
ratios to the ratios of their transition probabilities.
Our data also include the [SII]λλ6717,6731 line doublet, which has line ratios sensitive
to electron densities in the range of 100 to 105 cm−3 (Osterbrock 1989). We identify two
3 × 3 pixel apertures in bubble 2 where the two components are sufficiently narrow to be
deblended robustly. Line ratios in these apertures are R[SII] ≡ Fλ6716/Fλ6731 = 1.1 ± 0.1.
This corresponds to a density range ne = 240 − 570 cm
−3, and ne = 388 cm
−3 at best fit
value, assuming a temperature T = 104 K. (The results of Kraemer, Ruiz, & Crenshaw 1998;
Heckman & Balick 1979; Osterbrock 1989, indicate a most likely temperature range of 1−
2×104 K in AGN narrow line regions, which is sufficiently accurate for our purpose.) Bicknell
et al. (1997) find densities of ∼ 100 cm−3 in the precursor regions of fast radiative shocks,
constrained by radio observations, in good agreement with our result using an independent
estimate. The [SII] emission originates mainly in a “partially ionized zone”, where the
thermal pressure is ≈ few ×10−12 ne dynes cm
−2 and ntot ∼ 3ne (e.g Shull & McKee 1979).
We use these correction factors in calculations that make use of the total gas density, e.g.,
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the total mass estimate based on the recombination line flux of Hydrogen. Moreover, we
only use the Hα line flux with the AGN contribution removed, as described in §3.
The blending of [NII] and Hα complicates the Hα flux estimates, therefore we only aim
at estimating robust lower limits to the kinetic energy in the extended emission line region,
and hence minimize the Hα contribution in our fits to the [NII]+Hα line blend, typically
obtaining [NII]λ6583/Hα = 1. With the adopted cosmology, the total observed Hα flux in all
zones corresponds to a total Hα luminosity LHα = (14.8± 1.2)× 10
43 ergs s−1. To estimate
the ionized gas mass in the diffuse nebula, we assume case B recombination (Osterbrock
1989), and our previous gas density estimates:
MH =
LHα
hνHαα
eff
Hα
mpn
−1
e = 9.73× 10
8LHα,43 n
−1
e,100 M⊙ (1)
with Hα luminosity LHα,43 in units of 10
43 ergs s−1, Planck constant h, Hα frequency
νHα, effective Hα recombination coefficient, α
eff
Hα , proton mass mp, and electron number
density ne,100 in units of 100 s
−1. With the electron density of 240 − 570 cm−3 (§4.2) this
implies a total ionized gas mass MHII = 2.3− 6.5× 10
9 M⊙.
Our analysis can be precise at the order-of-magnitude level only, and is dominated by
astrophysical rather than the measurement uncertainties. Therefore we will adopt an HII
mass of MHII = 3.7 × 10
9 M⊙, corresponding to the measured Hα luminosity and electron
density at face value and not corrected for extinction. Thus this estimate is a robust low
limit to the intrinsic Hα luminosity and total emission line gas mass.
5. Physical Properties of the Flow
5.1. What Drives the Dynamics?
MRC1138-262 is not the first HzRG known to have broad, spatially resolved emission
line gas (e.g., McCarthy et al. 1996; Tadhunter 1991; Villar-Mart´ın et al. 1999), but we
have not found another such galaxy in the literature with integral-field spectroscopy in the
rest-frame optical. For galaxies with spatially resolved slit spectroscopy, the slit is typically
aligned with the radio axis, so that the morphology of the high-velocity emission line gas
and total energy and mass in the flow are difficult to estimate.
Gas dynamics dominated by the large-scale gravitational potential of the host galaxy
would have smooth velocity gradients and rather uniform line widths with FWHMs of a few
hundred km s−1. Villar-Mart´ın et al. (2006) discuss the relatively quiescent kinematics in
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the Lyα halo of the z=2.49 HzRG MRC2104-242, with FWHM. 600 km s−1, and argue that
the kinematics might be caused by rotation or infalling gas. The kinematics we observe in
MRC1138-262, however, are different from MRC2104-242, quantitatively and qualitatively.
Our integral-field observations are uniquely suited for a more detailed investigation of
what causes the extreme kinematics in MRC1138-262, by relating the local bulk and tur-
bulent velocities in the gas. The right panel of Fig. 5 shows the FWHMs as a function of
velocity in each bubble. Velocities are relative to the mean velocity in each bubble. FWHMs
and velocities are uncorrelated in zone 2, in zone 1 and 3 they correlate tightly with corre-
lation coefficients R = −0.84 and R = 0.87, respectively. Positive correlations like in zone 3
are also found in starburst-driven winds, and indicate outflowing gas being accelerated and
becoming more turbulent as the kinetic energy is being dissipated through shocks (Lehnert
& Heckman 1996a). Negative correlations like in zone 1 have been interpreted as deceler-
ation shocks (Dopita & Sutherland 1995), when gas heated by the AGN collides with the
confining, higher density ISM.
Starburst powered outflows do not appear as good candidates to power an outflow with
the velocity gradients and line widths observed. Typical outflow velocities in superwinds, as
similarly estimated from optical emission lines, are a few×100 km s−1 (Lehnert & Heckman
1996a). These velocities are a factor of a few lower than in MRC1138-262 (not including any
correction for projection effects). The velocities seen in starburst driven winds do not seem
to be a function of either energy injection power or rate (Heckman et al. 2000) or perhaps
redshift (Nesvadba et al. 2006). Nesvadba et al. find that the outflow observed in the z = 2.6
strongly star-forming (SFRFIR ∼ 650 M⊙ yr
−1) submillimeter galaxy SMMJ14011+0252
does not exceed velocities of ∼ 300 km s−1 and FWHMs ∼ 250 km s−1. Most importantly
for this study, the line cores in SMMJ14011+0252 are not offset from systemic by large
velocities. In other words, the overall, large scale kinematics of SMMJ14011+0252 do not
appear to be strongly influenced by the wind, similar to the integrated line profiles of local
starburst galaxies. Moreover, pressures within the wind are similar to winds in local starburst
galaxies, suggesting similar physical properties, which make it unlikely that the outflow
properties would dramatically change with redshift (see arguments in, e.g., Heckman et al.
2000). Nonetheless, the presence of individual bubbles and large and irregular velocity offsets
in MRC1138-262 do suggest that some sort of feedback mechanism is driving a massive gas
outflow. We will analyze the properties of this outflow in close analogy to Heckman et al.
(1990) and show that energy and timescale arguments strongly favour a wind driven by the
AGN as the only plausible explanation.
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5.2. Timescales, Outflow Rates, and Filling Factor
Our data indicate that the gas reaches large distances, over 25 kpc for the high surface
brightness emission, and might even completely escape the host potential. A way of estimat-
ing the time scale of the flow is to calculate the crossing time given the observed velocities.
With bulk motions of V = 800−2000 km s−1 and an average observed radius of the emission
line nebula R = 20 kpc, the dynamical timescale is tdyn = R/V ∼ 1−2.5×10
7 yrs, providing
a rough timescale necessary to drive the flow over the observed distances.
If the outflow is powered by the radio source, then this timescale will be approximately
similar to the age of the radio source. With estimated jet-head advance speeds of ∼0.1c (e.g.,
Wellman, Daly, & Wan 1997, with ranges of about 0.01c to about 0.2c), and the “largest
angular size” of the radio source at ν=1.41 GHz in MRC1138-262 (11.1′′, or 92 kpc; Kapahi
et al. 1998), we estimate a dynamical timescale of ∼3×106 fproj,jet yrs. Because of the
unknown projection angle, this can only be a lower limit (hence the factor fproj,jet), and the
intrinsic timescale is likely a few times higher, up to a few ×107 yrs.
Wan, Daly, & Guerra (2000) suggest that the ages of radio sources decrease with in-
creasing redshift. However, they use a flux limited sample, so that the average radio power
will increase with redshift, whereas the size decreases, which might at least in part explain
this trend. Using their relationship between radio power and redshift for the z = 2.2 of
MRC1138-262 implies an age of ∼0.4 to 1×107 yrs, similar to our previous estimate.
In either approach, the age of the radio source is not significantly different from the
crossing time of the emission line nebula, and the radio jet and lobes reach a factor of ∼2
larger radii than the (detected) high surface brightness emission line gas. This alone cannot
prove that the radio jet is powering the outflow, but it is a necessary prerequisite.
To estimate a mass outflow rate, we simply assume that the outflow is being accelerated
with an efficiency that is approximately constant during the jet lifetime. This implies that the
current estimate is representative for the average rate over the lifetime of the source. Given
the large velocities and size of the nebula, this assumption is reasonable. This very simple
scenario implies M˙outflow ∼ MH/tdyn ≈ 370 M⊙ yr
−1. Of course, we do expect variations in
the instantaneous outflow rate due to jet precession, variable jet energy or mass density, or
perhaps changing coupling efficiency to the ISM as might be expected for a jet interacting
with a “clumpy” surrounding medium.
Having measured the electron density and relative ionization (assuming case B recom-
bination), we can also constrain the volume filling factor of the Hα emission line gas. The
total observed luminosity corresponds to a “total emission volume” Vem, which we compare
to the volume of the emission line nebula Vn (O(10
4 kpc3), approximated by the total vol-
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ume of 3 spherical bubbles with the observed radii of each zone). This yields a filling factor
ffV = Vem/Vn = 0.15 LHα,43 n
−2
e,100 V
−1
n,kpc3. We find a filling factor, ∼ 1.6 × 10
−6, likely
signaling that distributed in bright, line-emitting sheets, small clouds, and/or filaments.
5.3. Energy and Momentum Injection
Low filling factors arise naturally when a sufficiently intense, expanding hot wind sweeps
up, accelerates, and ionizes dense hydrogen clouds within the ISM of the host galaxy. Relative
to the lifetime of the host, an outflow with lifetime τAGN = 10
7 yrs is nearly explosive,
implying impulsive energy injection (but constant over the lifetime of the event). Following,
e.g., Dyson & Williams (1980), expansion speed of the shell and energy content of the bubble
are related as:
vshell ∼ 435E˙
1/5
44 n
−1/5
0 t
−2/5
7 km s
−1, (2)
where E˙44 is the (constant) energy injection rate in units of 10
44 ergs s−1, n0=0.5 cm
−3
is the ambient ISM density in cm−3 and t7 is the injection time in units of 10 Myrs. We
approximate the velocity vshell through the average of velocities in the line profile fits to the 3
bubbles discussed in §4. From the analysis, we find an average projected velocity of < v >∼
800 km s−1. The required energy is then ∼4.2×1045 ergs s−1.
In a second approach, we model the (constant) energy injection rate into an energy
conserving bubble expanding into a uniform medium with ambient density n0, which serves
as a plausible upper bound to the energy injection rate,
E˙ ≈ 1.5× 1046r210 v
3
1000 n0.5 ergs s
−1, (3)
with the radius r10 given in units of 10 kpc and velocity v1000 given in units of 1000 km
s−1. We estimated the half-light radius of the Hα emission, after removing the contribution
from the broad line region, and found ≈10 kpc. For 10 kpc, a flux weighted mean velocity
v = 800 km s−1 and ambient density n0.5 = 0.5 cm
−3, the energy injection rate is 7.7× 1045
ergs s−1. This is likely a minimum energy required since the velocities are seen in projection.
If we use the total extent of the nebula for the radius, we find the energy injection rate is
∼ 3× 1046 ergs s−1.
Alternatively, if the bubble is momentum conserving, we estimate that,
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p˙ ≈ 4× 1038r210v
2
1000n0.5 dyn, (4)
or 2.3 × 1038 dyn, of force must be injected to power the observed flow. If the jet or
radiation field of the AGN is to be a viable driver of the observed gas dynamics in MRC1138-
262, it must inject at least 1046 ergs s−1 of energy or alternatively, about 1038 dynes of force
into the ambient interstellar medium to produce the outflow in MRC1138-262.
Each of these estimates is valid within a given model, although the underlying as-
sumptions are very general, involving basic physical principles. We can give a fully model-
independent, strictly observational lower bound to the energy injection rate from the ob-
served kinematics of the Hα emission line regions. To this end, we only account for the
observed ionized gas masses, not correcting for projection effects lowering velocity measure-
ments, extinction, and material in other phases, especially X-ray emitting or molecular gas,
which will contribute significantly. With the measured Hα gas masses and relative velocities,
the kinetic energy is simply Ebulk = 1/2 Σmiv
2
i for the bulk velocities and Eturb = 1/2 Σmiσ
2
i
for turbulent motion. For MRC1138-262 and summing over the velocities and dispersions
in the individual bubbles, we estimate Ebulk ∼ 2 × 10
58fproj ergs, and Eturb ∼ 3 × 10
58fproj
(with unknown correction for projection, fproj). For our dynamical timescale of 10
7 yrs, this
corresponds to an average injection rate E˙kin = Eturb+bulk τ
−1 ≈ 1.5 × 1044 t−110Myrs ergs s
−1
over a lifetime τAGN = 10
7 yrs.
The results illustrate that energy injection rates at high redshift are not trivial to esti-
mate, which limits the precision of our analysis to an order-of-magnitude level. It is however
encouraging that in spite of the large uncertainties, the values are broadly consistent. We
will in the following adopt Ekin = 1.0 × 10
46 erg s−1. This choice is motivated by the
approximate range of values indicated by the simple estimates we have made and to the
order-of-magnitude spirit in which they were made.
6. Powering the Outflow: AGN vs. Radio Source
6.1. Energy Supply by the AGN
If the AGN is to be a viable candidate for powering the observed outflow, then it must be
able to at least provide the above energy injection rate. It is difficult to know a priori what is
powering the outflow, the overall bolometric luminosity, Lbol, which might couple to the ISM
through radiation pressure on dust grains, or directly through the kinetic luminosity of the
jet Lkin,jet. We shall start by estimating Lbol. Following the scaling of X-ray to bolometric
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luminosity of Elvis et al. (1994) and the X-ray luminosity of MRC1138-262 at 2 − 10 keV,
(logL2−10keV=45.6 ergs s
−1; Carilli et al. 2002), we estimate logLbol ∼ 46.6 ± 0.6 ergs s
−1.
We can also use the relationship between Lbol and rest-frame optical flux density of the AGN
in QSOs (Kaspi et al. 2000), and the 5100A˚ continuum flux in our H band spectrum of
MRC1138-262, f(5100A˚) = (5.5± 0.53)× 10−17 W µm−1 m−2, yielding logLbol ⋍ 46.2± 0.1
ergs s−1. Given the approximate nature of either estimate, these values are consistent.
We will in the following adopt logLbol = 46.6 ergs s
−1 since the estimate using the optical
continuum is likely to be strongly affected by high extinction to the region of AGN continuum
emission in radio galaxies compared to QSOs.
Estimating the jet kinetic luminosity as a measure of the power that the jet is capable of
injecting in the ambient ISM is more difficult and challenging and many authors have tried
a variety of methods for estimating or constraining the mechanical jet luminosities. We will
therefore use and compare a variety of methods to estimate the mechanical luminosity of
the jet in MRC1138-262. Wan, Daly, & Guerra (2000) empirically calibrate the radio source
characteristics in the 3CR as a function of radio power at 178 MHz. For MRC1138-262 the
VLA measurements at 4.86 GHz and the original selection of the Molonglo Reference Catalog
(MRC) at 408 MHz (Kapahi et al. 1998, and references therein), imply a radio spectral index
α=1.34, and a 178 MHz radio power, P178MHz=10
34.82 ergs s−1 Hz−1 sr−1, in the rest-frame.
This corresponds to a jet kinetic luminosity of 1046±0.3 ergs s−1 in the calibration of Wan,
Daly, & Guerra (2000). Carilli et al. (2002) measured an integrated luminosity of the radio
jet in MRC1138-262 in the rest-frame 0.1-1.0 GHz band, 1045.2 ergs s−1. Based almost solely
on theoretical arguments, the ratio of mechanical to radio luminosity is typically argued to
be about 10 to 1000 (e.g., De Young 1993; Bicknell et al. 1997). Estimating that the radio
luminosity is equal to O(10%), ǫ10%, of the total jet luminosity sets a lower limit to the jet
kinetic luminosity of 1046.2ǫ10% ergs s
−1. Obviously, it could be substatially higher. This is,
however, within the scatter of the Wan, Daly, & Guerra (2000) estimate.
We can additionally estimate the jet power using analyses of X-ray cavities which are
thought to be powered by the mechanical energy of the radio jet interacting with the sur-
rounding hot gas. Following the analysis in Bˆirzan et al. (2004), we estimate the mechanical
luminosity of the jet in MRC1138-262 to be about 1045±3 ergs s−1. We think that this esti-
mate is valuable because it is similar to our approach and provides a robust lower limit to the
mechanical luminosity. However, Bˆirzan et al. study radio sources at lower redshift, which
have different radio morphologies than MRC1138-262 and typically lower radio luminosity.
Moreover, Bˆirzan et al. point out that their estimates might be systematically too low due
to various physical effects. As a last approach, we can estimate the kinetic energy necessary
to explain the observed expansion speeds of radio lobes which are of the order of 0.1 to 0.4c
(e.g., Conway 2002). These advance speeds and a plausible model for the medium into
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which the lobes are advancing, yields estimated jet kinetic powers of 1046−48 ergs s−1 for
powerful, high luminosity radio sources (Bicknell et al. 2003; Carvalho & O’Dea 2002).
For the subsequent analysis, we will adopt a finducial jet kinetic luminosity of 1046
ergs s−1, but suggest that the true value could be a factor of a few higher. Thus, both jet
power and bolometric luminosity estimates provide sufficient energy to power the observed
outflow. Both appear similarly powerful, thus their relative impact will depend on their
coupling efficiency with the ambient ISM and their ability to accelerate ambient interstellar
material to large distance from the nucleus.
6.2. Radiation Driven Winds
The importance of radiation pressure in driving an outflow depends on the intensity of
the radiation field itself, i.e., the bolometric luminosity, Lbol. Powerful AGN have radiation
fields that are likely intense enough to efficiently heat and accelerate the gas near their center
through Compton heating (Sazonov et al. 2005) and dust opacity (King 2003). Through
Coulomb coupling of charged dust grains to the ionized gas, radiation pressure can in princi-
ple trigger an outflow. Blue shifted X-ray absorption lines in quasar spectra indeed suggest
parsec scale outflows, with mass loss rates of ∼1 M⊙ yr
−1 and velocities ∼0.l c (e.g., Reeves,
O’Brien, & Ward 2003). However, e.g., King (2003) find that this gas generally cannot drive
large scale outflows.
We describe a momentum driven AGN wind, following, e.g., King (2003) and Murray,
Quataert, & Thompson (2005). The equation of motion for an optically thick wind is,
P˙rad =Mg(r)V˙ = −
GM(r)Mg(r)
r2
+ LAGN/c, (5)
with acceleration V˙ , and AGN luminosity L. Mg(r) denotes the gas mass as a function
of radius. Murray, Quataert, & Thompson (2005) argue that the velocity as a function of
the distance for the black hole, r, is set by,
V (r) = 2σ
√
LAGN
LM − 1
ln(r/R0), (6)
with a threshold luminosity LM above which the AGN is able to drive a significant, opti-
cally thick outflow, gas fraction fg, velocity dispersion of the host galaxy σ, and gravitational
constant G. R0 is the radius where the acceleration sets on, namely the dust sublimation
radius at a few pc from the black hole. LM can be derived in close analogy to the Eddington
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limit for the central AGN, LM = 4fg cσ
4/G. (See §5 of Murray, Quataert, & Thompson
2005, for the full derivation of this threshold.). For a ≈ L⋆ galaxy, LM ⋍ 3× 10
46 fg0.1 σ
4
200
ergs s−1. With Lbol = 1−4×10
46 ergs s−1, a reasonable gas fraction of 10-50%, and a velocity
dispersion of 250 km s−1 (roughly corresponding to the stellar mass of MRC1138-262), this
suggests that LM ⋍ 10
47 ergs s−1, well above the bolometric luminosity of MRC1138-262.
For a lower gas fraction and smaller velocity dispersion, radiation pressure might play a role,
but it unlikely dominates in accelerating the gas to the high velocities we observe. For in-
stance, if L/LM=
4
3
(in good agreement with the L/LM ≈ 1 implied by Murray, Quataert, &
Thompson 2005), the acceleration would have to have been maintained for a few × 108−9 yrs
in order to accelerate the emission line gas in MRC1138-262 to the observed velocities, likely
about 1-2 orders of magnitude longer than the AGN lifetime. Typical line velocities would
be about 1/2 those observed, perhaps less since we cannot accurately quantify the effect of
projection. Hence, radiation pressure does not seem sufficient to power the large-scale gas
kinematics in MRC1138-262, making the radio jet a more likely candidate to mediate the
AGN feedback.
6.3. Coupling Efficiency between Jet and ISM and the “Dentist Drill” Model
We derive a simple estimate for the observed coupling efficiency η = Ekin/Ein between
the energy input rate E˙in ∼ 1× 10
46 ergs s−1 of the radio jet (§6.1) and the energy injection
rates derived in §5.3, E˙kin = (0.5 − 1) × 10
46 erg s−1. Given the uncertainties in either
estimate, and in the spirit of providing lower limits, we adopt a loosely constrained coupling
efficiency η = O(10%), corresponding to the jet kinetic energy estimate common to all
methods of §6.1.
The “dentist drill model” (Scheuer 1982) is the simplest scenario explaining how the
jet might interact with the ambient ISM, which uses a termination shock to couple with
the ISM as the jet-head ploughs through the ambient medium. Small variations of the jet
direction cause the jet to jitter across the working surface, and the resulting cavity will be
somewhat larger than the jet diameter itself. Typical assumed values are ∼ 15◦ (Begelman
& Cioffi 1989).
Thus in the “dentist drill” scenario, the interaction between radio jet and the sur-
rounding medium is limited to the working surface of the jet, and the coupling efficiency is
approximately the area of the working surface, divided by 4π. This can be parameterized as
ǫ(%) = (Ajet/4π) = 0.003%Asqdegree, or 0.045% for 15
◦ opening angle. To explain the ∼ 1046
erg s−1 kinetic energy injected into the outflow of MRC1138-262 with the small ǫ implied by
the dentist drill model would hence require an energy input of > few ×1049 erg s−1. This is
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above even the most extreme estimates of jet kinetic energies discussed in §6.1. Hence the
observed kinematics in MRC1138-262 require a significantly more efficient coupling to the
ambient ISM than implied by the “dentist drill” model.
7. Heating the Gas: Shocks vs. Direct Illumination by the AGN
Line widths and bulk motions in MRC1138-262 indicate shock speeds & 500 km s−1.
Optical emission line properties of shocks with such speeds are very difficult to model, because
emission arises predominantly through ionizing photons escaping upstream ahead of the
shock into the “precursor” region. Thus, accurately modelling the line emission from the
shock depends crucially on the detailed properties of the ambient ISM and the radiation
field (both background and that generated by the shock). Following this argument and the
modeling of Dopita & Sutherland (1996), we use,
M˙shock ≈ 4.4× 10
4 n−12γ per H LHα,43 M⊙ (7)
to estimate the amount of shocked material from the measured Hα luminosity in MRC1138-
262 (§4.2). In this equation, n2γ per H is the number of recombinations per Hydrogen atom.
At least 2.5 × 105 M⊙ yr
−1 of shock material are necessary to produce the entire Hα lumi-
nosity, not accounting for extinction and possibly a lower efficiency of the emission (fewer
recombinations per Hydrogen atom for example). Over the likely 107 yrs lifetime of the radio
jet (§5.2), this implies an unphysically large > 1012M⊙ of shocked gas.
On the other hand, the predicted surface brightness of a shock with 500 km s−1 velocity
is about 2×1040 ergs s−1 kpc−2 (Dopita & Sutherland 1996), and increases dramatically with
velocity (∝ V 2.4s ). Shock heating across the projected area of the emission line nebula in
MRC1138-262, ∼ 1200 kpc2, would therefore produce a total Hα luminosity of ∼2.4×1043,
. 15% of what we observe. Accounting for extinction will make this discrepancy yet more
dramatic.
Since the amount of shocked material necessary to power the nebula is unphysically large
and the predicted surface brightness is too low, it seems that shock excitation is probably not
viable as the sole excitation mechanism of the emission line gas, and ionization by the AGN
will play a large role. Villar-Mart´ın et al. (2003) reach a similar conclusion from longslit
rest-frame UV spectra of 10 HzRGs.
To estimate whether photoionization by the AGN can heat the gas, we assume a uni-
formly dense, radiation bounded nebula in ionization equilibrium. With the properties we ob-
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serve in MRC1138-262, this requires an ionizing photon rate of Q(H0) ≈ 3.7×1054 LHα,43s
−1,
or 5.5 × 1055s−1 for LHα,43 = 14.8. The results of Elvis et al. (1994) imply that on aver-
age each ionizing photon in powerful AGN has an energy corresponding to ∼ 3 times the
ionizing potential of hydrogen (i.e., Eγ = 3 × h < ν >ion). We therefore constrain the
ionizing luminosity Lion = 3 Q(H
0)h < ν >ion, corresponding to 2.4× 10
44 LHα,43 ergs s
−1,
or ≈ 3.5× 1045 ergs s−1. If ∼ 10% of the bolometric luminosity of MRC1138-262 is ionizing
(Elvis et al. 1994), i.e., ∼ 4− 6× 1045 ergs s−1 (§6.1), the nebulosity of MRC1138-262 might
well be mainly photoionized by the AGN, if the escape fraction is . 90%. This estimate also
implies that the nebula could easily be matter bounded.
However, given the small filling factor (∼ 10−6, §5.2), a covering factor ∼ 10% implies
that the gas is distributed in elongated structures with large surface area and relatively small
volume. The gas must either be clumped into large numbers of small, approximately spherical
clouds, long and thin “string-like” structures, or in thin, broad sheets, for either shock or
excitation of the nebula. Whatever the exact geometry, our results are only consistent with
a small volume filling factor, but a relatively large covering fraction.
Thus, the mechanical and optical emission line properties of MRC1138-262 give direct
evidence for an outflow which is driven by the expanding radio source, and heated mainly
through photoionization by the AGN.
8. AGN Feedback: Impact on Galaxy Evolution and Cosmological Significance
Our analysis of the kpc scale outflow in MRC1138-262 suggests that the AGN is the best
candidate for driving the outflow: The crossing time of the nebula (∼ 107 yrs) approximately
equals the lifetime of the radio jet and typical estimates of AGN lifetimes (Martini 2004,
and references therein), and the AGN also provides the energy input rate necessary to power
the observed outflow, given it is efficiently coupled to the ISM, with ǫ = O(0.1). Observed
mass loss rates are & 400 M⊙ yr
−1 (§5.2). Population synthesis fits assuming exponentially
declining star-formation histories with a variety of e-folding times (including infinity for
continuous star-formation) over a wide range of maximum star-formation rates, suggest a
stellar mass of ∼ 5 × 1011 M⊙. The range of best fit masses for all of the models suggest
an uncertainty of about a factor 2-3. The observed outflow rate therefore corresponds to a
mass loss of ∼ 10% of the stellar mass within 108 years. Observations of carbon monoxide in
high redshift radio galaxies suggest gas masses of ∼ 1010−11 M⊙ (Papadopoulos et al. 2000;
Greve et al. 2005), corresponding to . 20% of the stellar mass of MRC1138-262. Given the
large uncertainties in these estimates, we assume a gas fraction of . 50% of the stellar mass,
implying that AGN feedback could remove the total ISM of the host within ∼ 5 × 108 yrs.
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We emphasize that the mass loss rate is a strict lower bound estimated from the observed
Hα emission line gas mass. The true outflow might be up to an order of magnitude higher,
and might well be larger than the total needed to quench future star-formation.
The outflow in MRC1138-262 appears not aligned with the radio jets, but has a nearly
spherical geometry, so that an adequate assessment of the dynamics in the extended emission
line region clearly requires integral-field data, especially in the rest-frame optical, to be less
sensitive to the source geometry, extinction, and the complex radiation transport in the
rest-frame UV given the complex spatial structure of the emission line gas. We do not
believe that MRC1138-262 is a “one-off” special case. Broad forbidden emission lines in the
nebulosities of HzRGs with FWHM> 1000 km s−1 are commonly found in longslit studies
(e.g. Tadhunter 1991; McCarthy et al. 1996; Iwamuro et al. 2003). Simulating a longslit
spectrum of MRC1138-262 from our SPIFFI data with the “slit”aligned with the radio axis,
yields similar Hα fluxes as given in, e.g. Evans (1998). We recently obtained SINFONI
data of a small sample of HzRGs at z=2.5-3.5, and find similarly extreme kinematics in
the extended sources. In the following we will therefore assume that MRC1138-262 is in
an evolutionary stage, which is short, O(107) yrs, but common for massive galaxies, and in
particular for those which go through a phase of powerful nuclear activity at high redshift.
8.1. A Solution of the [α/Fe] Puzzle?
A massive, AGN driven outflow is a catastrophic event which can be expected to leave
measurable imprints on the low-redshift descendents of the AGN host galaxy. Semi-analytical
models of massive gas-rich mergers with a multi-phase ISM in the early universe are found
to reproduce the local luminosity function of massive, red early-type galaxies if they include
a phase of strong AGN feedback (Hopkins et al. 2005; Croton et al. 2006). Robertson et al.
(2005) find that these models can explain the tilt in the fundamental plane assuming dissi-
pative, high redshift merging of galaxies with gas fractions > 0.3, including star-formation
and AGN-related feedback, and Di Matteo et al. (2005) are able to reproduce the observed
M−σ relationship using this mechanism. In spite of these successes, such models cannot
resolve the black hole accretion, therefore AGN feedback is included in a rather schematic
way, neglecting,e.g., radiatively inefficient black hole growth (Springel et al. 2005). They
assume isotropic thermal coupling between AGN and ISM with efficiencies of ∼ 0.5%, and
imply that star-formation is suppressed within a few ×108 yrs. We note that this efficiency
is lower than the coupling efficiency we find in MRC1138-262 (LAGN/Eflow & O(0.1)), but
the time scales agree surprisingly well, given the crudeness of the models and, by necessity,
the “order-of-magnitude” nature of our analysis.
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To set observational constraints on the impact of AGN driven winds, we now investigate
whether the outflow in MRC1138-262 can explain the observed properties of the low redshift
massive galaxy population. A massive outflow related to major mergers at high redshift is in
overall agreement with a population of mostly spheroidal galaxies, stellar populations that
have luminosity-weighted ages consistent with formation at redshifts z ∼ 3 − 5 (Thomas et
al. 2005), and with extremely low gas contents.
A more quantitative constraint comes from the relative enhancement of α elements
with respect to the iron content of these galaxies, [α/Fe] (e.g., Thomas, Greggio, & Ben-
der 1999; Romano et al. 2002). The abundance of α-elements relative to iron traces the
relative numbers of thermonuclear and core-collapse supernovae and effectively traces the
time scale of star formation due to the relative delay in the thermonuclear supernova. Silk
(2005) propose a top-heavy IMF as alternative explanation for the observed [α/Fe] over-
abundance. However, as Trager et al. (2000) point out, the relative [α/Fe] overabundance
in fact is an absolute Fe underabundance, which indicates a relative lack of contribution of
the thermonuclear supernovae to the overall metal abundances rather than an enhancement
of core-collapse supernovae. This argument does not favor explaining the relative [α/Fe]
enhancement compared to the solar value with a top-heavy IMF. Moreover, Nagashima et
al. (2005) find from semi-analytical modeling that the hypothesis of a top-heavy IMF cannot
explain the observed tight correlation between [α/Fe] enhancement and velocity dispersion
in early-type galaxies, but agrees with a more pronounced early truncation of star-formation
with increasing galaxy mass.
A mechanism which efficiently removes nearly all gas from the host in . 0.5 − 1 Gyrs
is therefore more promising, and was suggested by Thomas, Greggio, & Bender (1999) and
Romano et al. (2002) for massive early-type galaxies. Outflows with the observed mass loss
rate in MRC1138-262, M˙ & 400 M⊙ yr
−1, fulfill this constraint, given that sufficient kinetic
energy is injected into the ISM during the AGN luminous phase. In §8.3 we estimate that
∼ few × 1060 ergs or more are injected into the ISM of MRC1138-262 during an assumed
AGN lifetime of 107 yrs. The mechanical energy of the AGN is able to entrain ambient
material, propelling it outwards at the high velocities observed. The maximum amount
of ambient material (if accelerated to escape velocity) can be approximated by an energy
conservation argument as:
Mej,max = 2× 10
11Eoutflow,60 v
−2
esc,500 M⊙ (8)
where Eoutflow,60 is the energy of the outflow in units of 10
60 ergs and vesc,500 is the escape
velocity in units of 500 km s−1. vesc is difficult to constrain. For galaxies with NFW profiles
(Navarro et al. 1997), there is a simple relationship between vesc, virial radius and mean mass
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density of the halo over the background dark matter density (see Bullock et al. 2001). For a
baryonic mass fraction of 10%, the escape velocity in MRC1138-262 is about 700 km s−1 at
the virial radius of about 120 kpc (Bullock et al. 2001). Equation 8 implies that MRC1138-
262 may eject, MMRC1138−262ej,max ≈ 9 × 10
11 M⊙ of material (assuming Eoutflow,60=9., which is
the maximum of our estimated values, and vesc,500=1.4), or M
MRC1138−262
ej,max ≈ 3 × 10
11 M⊙
assuming our fiducial value of Eoutflow,60=3.. This is of course a very crude estimate, but
it does suggest that, plausibly, much of the baryonic mass could escape the potential of the
galaxy and thus will not be available for future star-formation. However, this represents a
strict upper limit to the total mass ejection. We have not assumed a coupling factor between
the energy and the ambient gas, and this factor is undoubtably less than one (we estimate
O(10%)). Subsequently, we will adopt this maximum mass ejection estimate and a coupling
efficiency of 10% as the upper boundary, and the simple observed mass loss rate from Hα as
a lower boundary to the most likely range of mass loss rates and to constrain the amount of
mass and metals ejected by AGN winds.
8.2. Can AGN Inhibit Baryonic Mass Accretion?
In addition to suppressing star formation within the short timescale set by the [α/Fe]
“clock”, the AGN must also be able to inhibit the accretion of gas from the surrounding
IGM or ICM to effectively halt future star formation. Croton et al. (2006) find that it is
necessary to incorporate such a mechanism into their simulation, to inhibit galaxy growth in
a population of massive red galaxies, and to produce a mass function with the appropriate
exponential cutoff at the high end. In a very interesting analysis of a large sample of radio
loud AGN based on data from the Sloan Digital Sky survey, Best et al. (2005) find that the
dependence of the size of the radio-loud AGN fraction on black hole mass mirrors that of
the cooling rate within the hot atmospheres of elliptical galaxies. Best et al. further argue
that the AGN could be fueled by such cooling gas and that AGN heating could plausibly
balance the cooling of the gas over time. Could the energy output of MRC1138-262 balance
gas accretion from the IGM with a similar mechanism?
Following the arguments in Croton et al., we can estimate whether or not it is even
plausible for the radio jets in MRC1138-262 to inhibit the accretion of gas onto the dark
matter halo. Croton et al. estimate the rate at which gas is accreted onto dark matter halos
as a function of halo virial mass and redshift. For a halo with Vvir ∼ 250 km s
−1 at z = 3,
they give an accretion rate of ∼ 200 − 300 M⊙ yr
−1. The gas is assumed to form into a
hot, cooling halo of gas filling the dark matter halo, thus its energy can be estimated using
simple kinetic arguments. Making this assumption, the rate at which energy is deposited in
– 21 –
the halo with a virial velocity, Vvirial, is approximately:
E˙cool,virial ≈
1
2
m˙coolV
2
virial =
6× 1042
(
m˙cool
100 M⊙yr−1
) (
Vvirial
250 km s−1
)2
ergs s−1 (9)
Over the lifetime of the AGN, this will be, Etotal,cool ≈ E˙cool,virialτAGN . 6 × 10
57ergs.
Thus both the instantaneous (&1046 ergs s−1) and the total energy ejection rate (&3 × 1060
ergs) of the AGN appear sufficient to stop the collapse of gas at the virial radius of the
dark matter halo. If there is a connection between mass accretion and igniting AGN activity
in galaxies, then the output of a single radio loud AGN cycle appears sufficiently energetic
to suppress subsequent gas flow at the virial radius. Radio lobes at high redshift reach
distances of & 100 kpc. Therefore the range and amount of energy injection seem sufficient
to plausibly resist the gas accretion flow, and to influence the final baryonic mass of galaxies
hosting powerful radio sources. Of course the energy output from the AGN must couple to
the infalling gas for it to be effective. Certainly the high efficiencies we have estimated for
the gas within 10-20 kpc of the nucleus would be sufficient.
This is a fundamental difference to starburst-driven winds which will heat the gas on
similar time scales, but lack the energy and power necessary to unbind significant amounts
of gas from the most massive halos, and are very unlikely to stop the accretion flow. If the
ejected gas rains back onto the galaxy, and this material supports further star-formation,
the enhanced [α/Fe] enhancement will not be preserved. Similar arguments disfavor models
where star-formation has consumed most of the gas prior to the AGN bright phase, e.g.,
Sazonov et al. (2005), and approaches where ultraluminous starbursts are triggered through
positive AGN feedback (Silk 2005), provided that most of the stellar mass observed at z = 0
are formed in such a burst.
8.3. The Cosmological Significance of AGN-feedback
8.3.1. Simple Energetic Argument
The short lifetimes of powerful AGN (∼ 107 yrs; Martini 2004) compared to a Hubble
time indicate that nuclear activity is likely episodic. To provide an estimate of the cosmic
energy density released through AGN feedback, we will therefore assume that AGN hosts
have only one cycle of activity that lasts τAGN ∼ 10
7 yrs with coupling efficiencies to the
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host’s ISM and outflow characteristics similar to MRC1138-262. The energy output during
one such cycle follows from the previous analysis, Etot,1138 ≈ E˙1138×τAGN ∼ 3×10
60 ergs (with
E˙1138=10
46 ergs s−1 and τAGN=10
7 years). To estimate the AGN duty cycle directly from the
number of observed luminous AGN, we use the co-moving number density of luminous AGN
calculated by, e.g., Pei (1995), Φ(QSO) ≈ 5×10−7 Mpc−3 for optically selected high-redshift
quasars brighter than MB = −26. If the “unified model” of AGN is correct, then QSOs are
a subsample of all AGN, and the observed number density of QSOs will be a few times lower
than the intrinsic number density of the full AGN population. We also assume that a “radio
loud” episode is an intrisic part of the lifecycle of all powerful AGN. Figure 9 of Pei (1995)
shows that 95% of all quasars are at zQSO = 1.4 − 4.0, within an epoch of ∼ 2.9 Gyrs. For
τAGN = 10
7 yrs, this yields fduty ∼ 300. This is again a lower limit, and neglects radiatively
inefficient black hole growth.
The overall energy budget of powerful AGN can then be gauged by,
dEAGN
dV
= ΦQSO fduty Etot,1138. (10)
As a result, powerful AGN provide a cosmic energy density due to outflows of & 4.5 ×
1056 ergs Mpc−3. We note that this global estimate is relatively robust against uncertain
AGN lifetimes, because increased durations leads to lower duty-cycles and vice versa.
8.3.2. Local Black Hole Mass Density
We can also use the local co-moving mass density of supermassive black holes (SMBH) as
a measure for the integral accreted black hole mass to constrain the cosmological significance
of AGN feedback. Using the co-moving number density of spheroids and the MBH−σ relation,
Yu & Tremaine (2002) estimate the local mass density of nuclear black holes, ρSMBH ∼
2.9 ± 0.5× 105 h270 M⊙ Mpc
−3. To estimate the total kinetic luminosity corresponding to
this black hole mass density, we use the simple scaling,
ρE,kin = ǫkǫrad∆MBHc
2 =
5.2× 1057ǫk,0.1ǫrad,0.1 ergs Mpc
−3, (11)
with the efficiency of the kinetic energy output relative to the radiative (bolometric)
luminosity, ǫk,0.1, and the radiative efficiency relative to the accreted rest mass energy, ǫrad.
The radiative efficiency of massive black holes has been estimated to be roughly 10% to
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30% (e.g., Yu & Tremaine 2002, and references therein), whereas there is a broad range of
relative kinetic energy efficiency of 0.05 to 1 (Willott et al. 1999). Adopting this range of
values suggests that the kinetic energy density is approximately 2 to 100 ×1057 ergs Mpc−3.
For a fiducial ǫk,0.1=1, the estimated kinetic energy density ejected is about 5 × 10
57 ergs
Mpc−3, ∼ 10× higher than what we estimated from the QSO co-moving space density and
duty cycle.
This however implies that all black hole growth is related to gas accretion, and occurs
during AGN luminous phases. Both assumptions are unrealistic, as indicated, e.g., by the
large population of obscured quasars and the possibility of BH-BH mergers. This result
therefore sets an upper constraint to the energy density ejected by AGN. In the spirit of
setting lower constraints we adopt the first value, and note that our calculation does not
violate any low-redshift constraints from the low-redshift number densities of supermassive
black holes.
8.4. The Influence on the IGM: Overall Energy, Mass, and Metal Ejection
Simple energetic arguments alone show the potentially large significance of AGN feed-
back on the evolution of & L⋆ local early type galaxies. Bernardi et al. (2003) estimate a
local co-moving space density of L⋆ galaxies, 0.0020 h370 Mpc
−3, Sheth et al. (2003) find a
local co-moving space density of 0.0022 h370 Mpc
−3 for M⋆ early type galaxies. Using the
co-moving density of M⋆ early type galaxies as a normalization factor, and the upper limit
to the kinetic energy density in §8.3.1, 9 × 1060 ergs Mpc−3, we find that on average, each
M⋆ early-type galaxy ejects 〈Eej〉 . 6× 10
59 ergs, roughly the binding energy of an elliptical
galaxy with total mass Mtot ∼ 4× 10
11 M⊙(or a galaxy about one magnitude brighter than
L⋆r; Bernardi et al. 2005). This is of course a statistical estimate to relate the impact of such
outflows to the population of massive galaxies. It does not require or imply that each M⋆
early-type galaxy indeed went through a MRC1138-262-like epoch.
Given the large amount of ambient ISM that the AGN likely drives out from the galaxy
and perhaps from the surrounding dark matter halo, it is pertinent to ask: If MRC1138-
262 is typical, how much mass (and mass of metals) could such outflows eject? Using
either the observed outflow rate for 107 yrs or the maximum total mass ejection, we have,
∆M = 0.4 − 9 × 1010 M⊙ (§8.1), with the co-moving QSO number density and the inverse
of their duty cycle, we find that on average,
ρej & 0.6− 14× 10
6ΦQSO,−6.3 f300 M⊙ Mpc
−3 (12)
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of material will be swept out by AGN feedback, where ΦQSO,−6.3 is the co-moving space
density of QSOs in units of 5×10−7 Mpc−3 and f300 is the inverse duty cycle in units of 300.
This implies that approximately 3−70×108 M⊙ of material is ejected per M
⋆ galaxy. Within
these loose constraints, this is about the mass of ISM in a low-redshift gas rich galaxy and
also roughly the molecular gas mass in high-redshift submm and radio galaxies.
Lacking robust constraints on the gas-phase metallicity in HzRGs, we use the metallic-
ities of low-redshift massive galaxies to constrain the metal loss induced by AGN feedback.
The local mass-metallicity relationship indicates that local > L⋆ galaxies have solar and
greater metallicities (Tremonti et al. 2004). With our above analysis, and scaled to solar
metallicity Z⊙, this implies that powerful AGN feedback expels up to 0.6 − 14 × 10
7Z/Z⊙
M⊙ of metals per M
⋆ galaxy. Early-type nearby galaxies about a magnitude brighter than
L⋆ have total baryonic masses of ∼ 4× 1011 M⊙, and super-solar metallicities by ∼ 0.3 dex
(Tremonti et al. 2004), which implies a total metal content of ∼ 1010 M⊙. This indicates
that MRC1138-262-like feedback could eject a substantial fraction of the metals contained
in the stars of an L⋆ elliptical in the local Universe.
This metal-rich outflow may contribute significantly to the overall metallicity density
at high redshift. Bouche´, Lehnert, & Pe´roux (2005a) estimate the co-moving metallicity
density at z∼ 2 from integrating the star-formation rate density, ∼ 4 × 106 M⊙ Mpc
−3.
If outflow rates in powerful AGN are generally similar to MRC1138-262, then our above
estimate implies a total metal ejection of ∼ ρej,Z = 1− 30× 10
4 Z/Z⊙ M⊙ Mpc
−3. Bouche´,
Lehnert, & Pe´roux (2005b) were able to account for .50% of the total metallicity density at
z∼ 2 in the known population of galaxies. Thus, AGN feedback from massive galaxies may
account for of-order a few percent to about 20% of all metals in the IGM at z∼2. Although
these estimates are highly uncertain, it appears very likely that AGN-driven outflows are a
significant contributor to the overall metal distribution in the IGM in the early universe.
9. Summary
We presented a study of the spatially-resolved dynamics in the optical emission line gas
around the z=2.16 powerful radio galaxy MRC1138-262, using the near-infrared integral-
field spectrograph SPIFFI on UT1 of the VLT. The large-scale kinematics in the emission
line nebula of this galaxy are not consistent with the signatures of large-scale gravitational
motion or starburst-driven winds. Velocities and FWHMs of ∼ 800− 2400 km s−1 indicate
a vigorous outflow with an estimated total energy which is orders of magnitude higher than
suggested for starburst-driven winds. Based on timescale and energy arguments, we conclude
that the observed outflow, which is a strict lower limit to the intrinsic amount of outflowing
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gas, is most plausibly driven by the AGN. This implies a relatively efficient interaction
between AGN and interstellar medium, with efficiency ǫ = O(0.1), mostly mediated by
mechanical energy injection through the radio jet. Radiation-driven winds do not appear
powerful enough to explain the observed velocities over the size of the optical line emitting
gas.
For MRC1138-262 we estimate from simple energetic arguments that the total energy
needed to drive the observed outflow of optical emission line gas is of-order few × 1060 ergs
with a mass outflow rate, M˙ & 400 M⊙ yr
−1. If we assume that every luminous QSO
near the peak of their co-moving density at z∼2 has such an outflow phase with similar
characteristics to MRC1138-262 we find that powerful AGN eject & 5× 1056 ergs Mpc−3 of
energy into the IGM and & 0.6− 14× 106 M⊙ Mpc
−3 of gas, including ∼ 1− 30× 104 M⊙
Mpc−3 in metals. These energy and masses are significant compared to the the total binding
energy and mass budget of L⋆ early-type galaxies in the local Universe. If MRC1138-262
is indeed archetypal, then AGN winds have the potential to be of similar, perhaps even
larger, cosmological signficance than starburst-driven winds, especially for the most massive
galaxies. They accelerate the outflowing gas to much higher velocities than starburst-driven
winds, and much of this material and energy are likely to escape the potential of even the
most massive individual galaxy halo. Outflows like in MRC1138-262 have the potential to
explain the observed properties of low-redshift massive galaxies, namely their old, and narrow
range of ages and low gas fractions. Moreover, the large mass loss rates and short timescales
of their outflows can naturally explain the observed enhancement of [α/Fe] relative metal
abundances observed in the most massive galaxies at low redshift. AGN-driven outflows
appear to be a plausible mechanism that efficiently suppresses star-formation within a few
×108 yrs. They also have high enough energies to perhaps stop the accretion flow of matter
from the IGM into their dark matter halos. Thus, if accretion is followed by AGN activity,
then AGN feedback may be an effective mechanism for regulating galaxy growth (Croton et
al. 2006).
Our study comprises only one source, but we have indirect evidence for MRC1138-262
being far from unique. Velocities of ∼ 1000 km s−1 are not uncommon in the extended
emission line gas of powerful radio galaxies, but are generally extracted from longslit spectra
aligned with the radio jet axis only. Simulating a longslit spectrum from the SPIFFI data
cube, we find good agreement between MRC1138-262 and these samples. The bolometric
and radio jet luminosities of MRC1138-262 are not unusual, and the source follows the
K − z relationship of high-redshift radio galaxies, if correcting for the luminous broad Hα
line emission. We are currently acquiring rest-frame optical, integral-field data for a larger
sample of HzRGs, to make statistically more robust predictions. Preliminary results strongly
support the present analysis, giving further evidence that AGN feedback plays a major role
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in the evolution of the most massive galaxies in the universe.
We would like to thank the “SPIFFI GI” team for carrying out the observations, and
C. de Breuck, W. Van Breugel and M. Villar-Martin for helpful discussions.
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Fig. 1.— H band (left panel) and K band (right panel) spectra of MRC1138-262. Upper
panels indicate spectra of the spatial pixel covering the AGN, lower panels show spectra
integrated over 15 kpc radius from the nucleus, with the AGN removed (see text for details).
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Fig. 2.— Relative velocities in the nebulosity of MRC1138-262 as a function of projected
distance from the nucleus. Zero velocity is defined to be the velocity of the highest surface
brightness [OIII]λ5007 line emission. (Labels 1 to 3 are given to zones of roughly constant
velocity, see Fig. 3 for the spatial distributions of these “velocity zones”.) “Lyα cloud”
(upside-down triangles) refers to a zone of extended Lyα emission defined in Pentericci
(1999) and called “B3”.
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Fig. 3.— The map of relative velocities observed in MRC1138-262 from fitting the
[OIII]λ5007 emission line. North is up, east to the left. The zero velocity is defined to
be that of the highest surface brightness [OIII]λ5007 line emission. The coding is given
in the color bar and the units are km s−1. The hatched area shows the “ring” of broad
(FWHM≥ 1400 km s−1) emission lines around zones 1 and 2. The diamond indicates the
position of the AGN.
Fig. 4.— The map of full width at half maximum values derived from the [OIII]λ5007
emission line. The color bar on the right shows the values of FWHM in units of km s−1.
The diamond indicates the position of the AGN. North is up, east to the left.
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Fig. 5.— left, top to bottom: Integrated H-band spectra of zones 1, 2, and 3 from Fig. 3,
showing the lines Hβ, and [OIII]λλ4959, 5007, respectively. middle K band spectra showing
Hα, [NII]λλ6548, 6583, and [SII]λλ6716, 6731. right [OIII]λ5007 FWHM within each bubble
as function of the [OIII]λ5007 relative velocities within each bubble. The blue and red lines
in each of the panels on the left and middle show Gaussian fits to individual components
and the total line profile, respectively. For [OIII]λ5007 the fits represent the components
necessary to fit the full line profile. All other lines were fitted assuming the relative velocities
and widths from the fit to [OIII]λ5007, leaving the flux in each component as the only free
parameter. We require the ratio of the [NII]λλ6548,6583 and [OIII]λλ4959,5007 emission
line doublets to be fixed and set by the ratio of their transition probabilities. Fit residuals
(gray spectra) are shifted along the ordinate.
